We established a quasi-in situ tensile test to measure the tensile properties of smooth muscle cells (SMCs) cultured on substrate maintaining their shape and cytoskeletal integrity. SMCs were cultured on a substrate coated with thermoresponsive gelatin (PNIPAAm-gelatin) and were held with a pair of micropipettes coated with an adhesive. Cells were detached from the substrate by lowering ambient temperature to dissolve the PNIPAAm-gelatin. Tensile tests for fusiform SMCs up to ~15% strain performed 3 times in normal and Ca 2+ -free
Introduction
Mechanical properties of cells have been obtained from various methods, including a micro-pipette aspiration method (1) , (2) , atomic force microscopy (3)- (6) , magnetic twisting cytometry (7) , and tensile test (8) - (14) . The tensile test is very useful because it provides the mechanical properties of a cell in a wide range of strain with which allows an estimation of the stress acting on the cell in a tissue. The mechanical properties under a large deformation are especially important for cells subjected to large deformation in vivo, such as aortic smooth muscle cells (SMCs). It is in this context that the tensile properties of cells have been measured by several research groups, including ours. For ease of cell manipulation, most of the studies used the cultured cells detached from a substrate with trypsinization (8) , (10)- (14) . SMCs adhered to a substrate are typically fusiform (spindle in shape), and their actin filaments run almost parallel to the direction of their major axis. However, cells detached from a substrate with trypsinization become round and their actin filaments become aggregated and entangled (14) .
Furthermore, trypsinization disrupts the interaction of actin filaments with adherence proteins that connect the actin filaments and cell membrane (15) , and may have a crucial effect on intracellular structures. Thus, the mechanical properties of cells detached with trypsinization might be quite different from those of cells adhered to the substrate. It is therefore necessary to establish a method to measure tensile properties of cultured cells maintaining their shape and cytoskeletal integrity on the substrate. Recently, a noninvasive cell detachment technique with a thermoresponsive polymer substrate using poly(N-isopropylacrylamide) (PNIPAAm) was developed (16) - (19) . Morikawa and Matsuda (18) synthesized PNIPAAm-grafted-gelatin using photo-graft polymerization and established complete thermoresponsive adhesion and detachment conditions for endothelial cells: cells adhere, spread and proliferate well at 37ºC, and detach from their substrate below 32ºC. We applied their technique to observe the detachment process of cultured SMCs, and confirmed that a decrease in the solution temperature below 32ºC led to the complete detachment of adhered SMCs from the substrate maintaining their fusiform shape and their stress fibers (19) .
In this study, we established a quasi-in situ tensile test for cells to measure tensile properties of SMCs cultured on a substrate maintaining cell shape and cytoskeletal integrity by employing a noninvasive cell detachment technique. For this purpose, we developed a thermostatic specimen stage with a four-dimensional dish positioner that enabled easier and faster cell manipulation, and incorporated it into our laboratory-made cell tensile tester (20) .
We adapted the noninvasive cell detachment method (19) to our tensile test protocol. We then performed a loading/unloading test repeatedly for fusiform SMCs in Ca 2+ -free and Ca 2+ -rich media to investigate the effects of Ca 2+ on changes in tensile properties of isolated SMCs.
Using tension-elongation curves obtained with this method, we can estimate intracellular tension on the substrate, which is an important parameter for a better understanding of cell mechanics and functions. Thus, we also measured the tension at which the cell length was equal to the attached cell length in the tension-elongation curves as an index of intracellular tension generated by adherent SMCs.
Materials and Methods

Preparation of PNIPAAm-gelatin-coated dishes
PNIPAAm-grafted-gelatin was dissolved in distilled water at 0.09 mg/ml at ~4ºC, and PNIPAAm (Sigma-Aldrich, USA) was dissolved similarly in distilled water at 2.2 mg/ml. Both solutions were mixed and sterilized by filtration using a microfilter with a pore size of 0.22 µm (Millipore). They were stored at 4ºC to avoid condensation until being used. A 100 µl portion of the mixture solution was poured into the centeral part of the φ 90 mm dish for suspension culture (MS-1390R, Sumitomo Bakelite) to coat the surface, and then air-dried on a clean bench for 3-12 h. The PNIPAAm-gelatin-coated dishes were used within 24 h after the air-drying.
Preparation of aortic smooth muscle cells
Porcine aortic smooth muscle cells (SMCs) were obtained by an explant method (21) .
Briefly, excised porcine thoracic aortas (kindly supplied by the Nagoya Meat Sanitary Inspection Station) were cut into about 20-mm-long tubular segments. After cutting longitudinally, each segment was opened flat, and the intima and adventitia were removed using a pair of forceps to isolate the media. The media was then cut into small rectangular pieces of about 2 mm × 2 mm, put on the bottom of a cell culture dish, and cultured in a standard culture medium, i.e., Dulbecco's Modified Eagle's medium (Invitrogen) supplemented with 10% fetal bovine serum (JRH Bioscience) and 1% PenicillinStreptomycin (Gibco) at 37ºC in a fully humidified atmosphere of 5% CO 2 /95% air. After approximately 1 week, SMCs migrating from the explants were harvested by trypsinization and used as the primary culture, and passaged repeatedly when they reached ~80% confluent. SMCs at the 4-10th passages were seeded onto the PNIPAAm-gelatin-coated dishes at a seeding density of ~200 cells/mm 2 . We used cells adhered and spread on the dishes in 1-3 days for the mechanical test. All reagents were preheated at 37ºC before being poured into the PNIPAAm-gelatin-coated dishes, and operations were performed very carefully to prevent the temperature of the medium in the dishes from dropping below 34ºC.
Cell tensile tester for quasi-in situ test
The cell tensile tester used for the present study was a modification of that reported previously (20) , which consisted of an inverted microscope (TE2000E, Nikon), a computercontrolled electric micromanipulator (MMS-77, Shimadzu), a manual micromanipulator (MHW-3, Narishige), and a cooled digital CCD camera (ORCA-ER, Hamamatsu Photonics) (Fig. 1a) . A specimen cell is held with two micropipettes coated with an adhesive and stretched horizontally. For the quasi-in situ tensile test, we need to hold a cell adhering to the bottom of the PNIPAAm-gelatin-coated dish without lowering ambient temperature. For this purpose, we developed a thermostatic specimen stage with a four-dimensional dish positioner (Fig. 1b, c) . This stage has a dish holder connected to an xy-stage (TSD-402C, Sigma Koki) to set the target cell to the center of the field of view of the microscope. The xy-stage is mounted on a rotation mechanism (HCR15A, THK) to adjust the direction of the major axis of the target. The rotation mechanism is fixed onto an aluminum base plate, which is mounted on the base of the microscope stage via z-position adjusters. Since the center of the rotation mechanism has been matched with the center of the microscope view, the cell direction can be adjusted easily (Fig. 1b) . The z-position (height) of the specimen cell is adjusted by declining the stage by turning the screws of the z-position adjusters (Fig.  1c ). To maintain a constant ambient temperature, a thermostatic plate (MATS-55R, Tokai Hit) was mounted on the bottom of the dish holder and the stage was covered with a laboratory-made acrylic chamber. Hot water was added to the bath of the chamber to prevent evaporation of the medium. The micropipette tips holding the specimen cells were ca. 5-|8 µm in diameter, and had been coated with a urethane resin adhesive (Sista M5250, Henkel) (22) to improve adhesion.
One micropipette was connected to the electric micromanipulator to stretch the specimen horizontally, and was referred to as the operation pipette. The spring constant of the operation pipette was >1000 times higher than that of cultured SMCs (0.09 N/m (11) - (14) ), and its deflection under tensile loading was negligible. The other pipette, whose spring constant was set to ~0.01 N/m by adjusting the pipette length and diameter within the range 5-8 mm and 5-20 µm, respectively, was connected to the manual micromanipulator. This was referred to as the deflection pipette. The cell stretching process was observed with the cooled digital CCD camera connected to the microscope. The tension applied to the cell was measured by the deflection of the cantilever part of the deflection pipette measured in the recorded images.
Effect of extracellular Ca 2+ on the response of adherent SMCs after mechanical stimulation with a micropipette
To hold the specimen cell for the tensile test, we needed to attach the micropipette tips onto the cell surface, which would cause the spontaneous contraction of SMCs. We investigated the effects of micropipette attachment on the morphology of adherent SMCs in both Ca 2+ -rich (DMEM containing 1.8 mM Ca 2+ ) and Ca 2+ -free (Ca 2+ -Mg 2+ -free Hank's balanced salt solution; HBSS(-), Sigma) conditions. In Ca 2+ -free condition, we treated SMCs with HBSS(-) for 30 min before the attachment. A micropipette, whose tip diameter was ~10 µm, was manually attached to the surface of an adherent SMC at its end, and subsequent changes in cell shape were recorded for ~10 min. After the experiments, we traced the cell outline in these images manually and measured cell length and area with image analysis software (MetaMorph Ver6.0, Universal Imaging) (19) just before and after the attachment, and calculated changes in length and area. We also confirmed viability of SMCs using the calcein AM/EthD-III viability/cytotoxicity assay kit (Molecular Probes) before and after exposure to Ca 2+ -free conditions for 1 h. SMCs adhering to the PNIPAAm-gelatin-coated dishes were used as specimens. Based on the results of the preliminary experiment described in Section 2.4 ( Fig.3) , the medium was replaced with HBSS(-) at 37ºC and cells were incubated for about 30 min at 37ºC to prevent spontaneous cell contraction. The specimen dish was set on the microscope stage equipped with the thermostatic plate set at 37ºC, and covered with the test chamber to prevent evaporation of the solution and stabilize the medium temperature. An elongated cell with a length over 100 µm was randomly chosen under the 20× objective, set at the center of the field of view by operating the xy-stage, and rotated with the rotation mechanism to make the direction of its major axis parallel to the stretch direction (Fig. 1b) . The target cell was held with a pair of micropipettes coated with urethane resin adhesive as follows: First, we moved the dish down slightly and temporarily by manipulating the z-position adjuster, set the pair of micropipettes at an appropriate position, adjusted the distance between the two pipettes to ~50 µm, and recorded the no-load position of the deflection pipette. We then lifted the dish to press the pipettes gently onto the surface of the cell body at both side regions (Fig. 2a) , and waited for ~5 minutes to make the adhesion between the cell surface and the pipettes firm. We then poured precooled HBSS(-) or HBSS(+), a HBSS containing 1.25 mM Ca 2+ (Sigma), at 0-4ºC into the dish to dissolve the PNIPAAm-gelatin, and detached the target cell from the dish by moving the dishes down with the z-position adjuster very carefully, maintaining the shape of the cell on the substrate (Fig. 2b) . Following detachment, we waited for 5-10 min until the temperature of the medium rose again above 32ºC and then performed the tensile test in Ca 2+ -free and Ca 2+ -rich (0.5mM Ca 2+ ) conditions. The cell was stretched stepwise by moving the operation pipette 1 µm (c) Fig. 2 A SMC during a quasi-in situ tensile test (a-c) and the definition of internal tension T a and cell stiffness S (d). The micropipettes were attached to the surface of an adherent SMC at both side regions (a). The SMC was then detached from the dish by dissolving the PNIPAAm-gelatin coat (b), and subsequently stretched horizontally (c). Note that the cell shape remained almost the same after detachment from the dish. The internal tension T a was defined as the tension at which the cell length L was equal to the attached cell length L a in the first loading curve. The cell stiffness was defined as the average slope of a loading curve in the range ∆L >0 for elongation and T>0.05 (µN) for tension.
(a)
every 5 seconds until their strain reached ~15%, and then unloaded with the same rate to the no-load position (Fig. 2c ). This cyclic process was performed for 3 times, and the cell images were continuously recorded into a personal computer during the test. We measured the distance between the two pipettes as the cell length L, and the displacement of the deflection pipette x (Fig. 2c) . The initial cell width W a was calculated by dividing the initial tracing area of the cell A (Fig. 2a) with the initial distance between the two pipettes L a , as given by W a = A / L a . The distance between the two pipettes before and just after dissolving the PNIPAAm-gelatin was defined as the attached cell length L a (Fig. 2a) and the detached cell length L d (Fig. 2b) , respectively, and the cell shortening after
The tension applied to the cell T was calculated by multiplying x with the spring constant of the deflection pipette k, which was measured after each experiment. The elongation of the cell ∆L was calculated as the increment of L, as given by ∆L =L-L a (Fig. 2c) . Mechanical properties of cells were evaluated using the relationship between tension and elongation (T-∆L) curves. The stiffness was defined as the average slope of each loading curve in the range ∆L>0 for elongation and T>0.05 (µN) for tension where the curves were almost linear (Fig. 2d) .
We also measured the tension T a at which the cell length L was equal to the attached cell length L a in the first loading curve of each specimen (Fig. 2d) , and regarded this value as a measure of the internal tension of cells generating on the substrate.
Statistical analysis
Data are expressed as mean±SEM. Differences were analyzed by the Student's paired and unpaired t-test and were considered significant when P < 0.05. Figure 3 shows an example of time-lapse phase contrast images of a SMC cultured on dishes in DMEM (a-c) and of another cell in HBSS(-) (d-f) following attachment of a micropipette. Cells began to shorten immediately in DMEM after pressing the pipette on the surface of each cell at one end (b). The shortening of cells ended within 180 s and many blebs were observed on their surface (c). In contrast, cells in HBSS(-) did not shorten significantly in response to the attachment and their shape remained unchanged even after 300 s (e, f). Table 1 summarizes the changes in the dimensions of SMCs cultured on dishes following the attachment of a micropipette. Cell length and area decreased by over 50% in DMEM after the attachment, while in HBSS(-) they shortened by only ~15% and their shape did not change significantly. It was confirmed that cells exposed to a Ca 2+ -free medium for 30 min did not shorten significantly following the attachment of a micropipette. Figure 4 shows phase contrast and fluorescent images of SMCs stained with the calcein AM/EthD-III viability/cytotoxicity assay kit (Molecular Probes) before (a, b) and after (c, d) exposure to HBSS(-) for 1 h. The morphology of cells did not change significantly following the exposure (a, c). Only a strong green fluorescence of the cells was observed even after exposure to HBSS(-) for 1 h (b, d). These results indicate that pretreatment with HBSS(-) for 30 min did not have a significant effect on cell morphology and viability, and we decided to use cells treated with HBSS(-) for 30 min for the mechanical test. Figure 5 shows typical examples of tension-elongation curves obtained by the quasi-in situ tensile test in HBSS(-) (a) and HBSS(+) (b). Loading and unloading were performed three times in each cell. The abscissa represents the cell length based on the attached cell length L a . Negative length values for curves indicate that the cells shortened slightly after detachment from the dishes. A large hysteresis was observed in the first cycle of the loading/unloading process, and the hysteresis decreased in the following cycles. In some cells, their tension-elongation curves were somewhat nonlinear especially in a small tension range. Roughly speaking, the slope of the curves in the range of T≤0.05 (µN) were 1/2~1/3 of that in the range of T>0.05 (µN). The difference in the slope in the small tension range was, however, insignificant between in HBSS(-) and HBSS(+). The slope of the curves increased and became stable after the second cycle in HBSS(-) (a), while the slope in HBSS(+) increased continuously with the number of cycles (b). Table 2 summarizes the dimensions of SMCs, their internal tension on the substrate estimated from the first loading curves, and measures of stiffness obtained in each cycle of a tensile test in HBSS(-) and HBSS(+). Cell length and width were almost constant and no significant difference was observed between the two groups. Cell shortening during detachment was minor and no significant difference was observed between the two. The internal tension of SMCs were estimated in the order of several 10-100 nN and differences between HBSS(-) and HBSS(+) were insignificant. Differences in stiffness measured in each cycle were also insignificant between the two groups. Figure 6 shows changes in cell stiffness during the loading/unloading cycle. Stiffness increased significantly with the number of cycle in HBSS(+). In HBSS(-), stiffness was higher in cycle 2 than in cycle 1; however, no significant difference was observed between cycle 2 and 3. (a) (b) Table 2 Dimensions and mechanical parameters of cultured SMCs obtained in the quasi-in situ t e n s i l e t e s t .
Results
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k, spring constant of deflection pipette; L a , initial cell length; W a , initial cell width; ∆L d , cell
shortening during detachment; T a , the internal tension of cells generating on the substrate; S n , stiffness at cycle n, (n= 1, 2, 3). *P<0.05 vs. cycle 1, ♯ P<0.05 vs. cycle 2 (Student's paired t-test).
Discussion
Tensile properties of cultured cells have been measured in several studies using a tensile test with glass micropipettes and glass microplates (8) - (14) . Most of these studies used cultured cells that became spherical after detachment from the substrate with trypsinization. It has been reported that cells detached from dishes by trypsinization rounded immediately and their actin filaments were entangled (14) . Their shape and actin filament morphology were quite different from that of cells adhering to the substrate, and it is highly likely that such differences affect the mechanical properties of the cells. We used the PNIPAAm-gelatin-coated dishes (19) to detach cells noninvasively and to maintain their spindle shape after detachment. In the cell tensile test, we needed to attach the micropipette tips to the cell surface. When a cell membrane is poked with a micro needle, Ca 2+ influx (23) , (24) and cell contraction (25) are often induced. In fact, we observed marked cell contraction after pressing a micropipette tip onto surface of SMCs in a Ca 2+ -rich medium (Fig. 3a-c) . Treatment with a Ca 2+ -free medium for 30 min minimized such contraction and morphological changes of SMCs (Fig. 3d-f) . After exposure to a Ca 2+ -free medium for 1 h, cell morphology did not change significantly and cells were completely viable (Fig. 4) . These results indicate that pretreatment with HBSS(-) for 30 min did not have adverse effects on cell morphology and viability. Thus, we could hold adherent SMCs with micropipettes maintaining their morphology and viability satisfactory. The stiffness of cells detached from the substrate that maintained their in-situ shape was significantly lower than that of spherical cells (~0.09 N/m (11) , (12), (14) ): the stiffness obtained by the first loading process in HBSS(-) and HBSS(+) was 0.041±0.024 N/m (n=6, mean±SEM) and 0.031±0.008 N/m (n=6), respectively. This discrepancy may be attributed to the difference in cross-sectional area of the cells: In spherical SMCs, the cell diameter (~25 µm) was significantly larger than the width of fusiform SMCs (~15 µm). Thus, a traditional tensile test for trypsin-treated cells may have been overestimating cell stiffness in a physiological condition. Based on measurements obtained with confocal microscopy, the cross-sectional area of SMCs on substrate perpendicular to the stretch direction (74±4 µm 2 , mean±SEM, n=21) was less than 1/6 that of spherical cells (487±45 µm 2 , n=21). Thus, it is also possible that the stiffness normalized by the cross-sectional area of cells, which corresponds to elastic modulus, may be higher in fusiform SMCs than in spherical cells. We need to measure the cross-sectional area of fusiform SMCs in tensile test and investigate the normalized stiffness of cells as a next step.
The majority of the previous studies only measured the tensile properties of cells during the first loading process in relatively large deformation with maximum strain as much as 100% (8) , (10)- (14) . This was partly due to the fact that we did not know how much we should stretch the cells to obtain their physiological properties, and in such a non-physiological condition, preconditioning did not seem to improve the quality of the data significantly.
Since we know the physiological shape and length of the specimen cells in this study, we think it is worth considering a cyclic loading. The arterial walls are stretched cyclically by ~10% to their circumferential direction due to the pulse pressure, and thus the strain applied to SMCs in the wall should be several 10% under physiological conditions. In this study, we performed the loading/unloading test for fusiform SMCs up to ~15% strain. A large hysteresis was observed in the first cycle of the test even though the cells were stretched only ~15%, and such hysteresis decreased in the following cycles (Fig. 5) . These results indicate that the mechanical properties of isolated cells just after detachment from the substrate were not stable and a preconditioning process may be necessary even if the cells were detached maintaining their in-situ shape. Changes in cell stiffness during repeated stretches were Ca 2+ -dependent. Cell stiffness increased remarkably in the second stretch and then became stable in the Ca 2+ -free medium, while it increased slowly and continuously with the number of the cycles in the Ca 2+ -rich medium (Fig. 6 ). It has been reported that actin filaments have a crucial effect on the cell stiffness (7) , (12), (14), (26) . In the Ca 2+ -free medium, remodeling of intracellular actin filaments might have been infrequent and the cell response to stretch became passive. Thus, the cells may have been preconditioned in the first loading/unloading cycle and the cell stiffness became stable after the second cycle. On the other hand, in the Ca 2+ -rich medium, the cell responses to stretch became active and adaptive with a remodeling of their actin filaments, and their stiffening became slowly and continuously after the second loading/unloading cycle. To clarify the mechanism of such cell stiffening, future studies need to observe the dynamic changes of actin filament morphology during repeated stretch with the use of GFPlabeled actin (19) , (27) , (28) .
A consideration of internal tension (29) , (30) is important for a better understanding of cell mechanics. Wang et al. (30) cultured human airway smooth muscle cells on a polyacrylamidegel substrate and measured the strain distribution of the gel to estimate the internal tension of a adherent cells. They reported that the tension was in the order of several 100 nN and increased with a contractile agonist. In this study, we obtained similar results: The internal tension T a of SMCs on the substrate ranged from several 10 nN to several 100 nN. However, no significant difference was observed in T a between the Ca 2+ -free and Ca 2+ -rich conditions, although the average value was more than two times higher in Ca 2+ -free condition. It would be very interesting if Ca 2+ decrease the internal tension. We need to obtain additional data to discuss this further.
In this study, we attached micropipette tips on the upper surface of cells. Focal adhesion proteins that connect stress fibers to the cell membrane exist on the lower surface (facing substrate) of adherent cells. When cells are held on their upper surface, the force applied to the cell might not be transmitted directly to stress fibers in the cells. Thus, cell stiffness and internal tension measured from the upper surface might be lower than values measured from the lower surface. Measurement from the lower surface is, however, very difficult for the moment. Such potential differences in mechanical properties between the upper and lower surfaces may also induce the large hysteresis observed in the first loading/unloading process, during which the upper surface of SMCs might be stretched preferentially and locally.
Due to a large compliance of the deflection pipette, some cells shrank by ~10% upon detachment from the substrate. This may affect their mechanical properties and internal tension. It is necessary to maintain a constant cell length for a more accurate measurement. For this purpose, we have been developing a micro tensile tester with a feed-back control (31) to precisely control cell length during a mechanical test. By combining this equipment and the quasi-in situ tensile test, we will be able to measure the mechanical properties and internal tension of SMCs more accurately and directly.
